BSM with Cosmic Strings: Heavy, up to EeV mass, Unstable Particles by Gouttenoire, Yann et al.
DESY 19-206
BSM with Cosmic Strings: Heavy, up to
EeV mass, Unstable Particles
Yann Gouttenoirea, Ge´raldine Servanta,b, Peera Simakachorna,b
a DESY, Notkestraße 85, D-22607 Hamburg, Germany
b II. Institute of Theoretical Physics, Universita¨t Hamburg, 22761 Hamburg, Germany
Abstract
Unstable heavy particles well above the TeV scale are unaccessible experimen-
tally. So far, Big-Bang Nucleosynthesis (BBN) provides the strongest limits
on their mass and lifetime, the latter being shorter than 0.1 second. We
show how these constraints could be potentially tremendously improved by
the next generation of Gravitational-Wave (GW) interferometers, extending
to lifetimes as short as 10−16 second. The key point is that these particles may
have dominated the energy density of the universe and have triggered a period
of matter domination at early times, until their decay before BBN. The re-
sulting modified cosmological history compared to the usually-assumed single
radiation era would imprint observable signatures in stochastic gravitational-
wave backgrounds of primordial origin. In particular, we show how the de-
tection of the GW spectrum produced by long-lasting sources such as cosmic
strings would provide a unique probe of particle physics parameters. When
applied to specific particle production mechanisms in the early universe, these
GW spectra could be used to derive new constraints on many UV extensions
of the Standard Model. We illustrate this on a few examples, such as super-
symmetric models where the mass scale of scalar moduli and gravitino can be
constrained up to 1010 GeV. Further bounds can be obtained on the reheating
temperature of models with only-gravitationally-interacting particles as well
as on the kinetic mixing of heavy dark photons at the level of 10−18.
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1 Introduction
The existence of very massive particles X, with mass mX  TeV, is a generic predic-
tion of many well-motivated extensions of the Standard Model (SM) of particle physics,
such as Grand Unified Theories, extra-dimensional models inspired by String Theory or
supersymmetric constructions. If such particles are stable and still present in our uni-
verse today, they can contribute to the dark matter, in which case a variety of detection
strategies has been explored depending on their mass range and the nature of their in-
teractions. On the other hand, unstable particles beyond the Standard Model (BSM) are
very difficult to probe experimentally. The best chances are through their effects on cos-
mological observables. The strongest limits come from Big-Bang Nucleosynthesis (BBN),
since any heavy relic which decays after BBN would ruin the predicted abundances of
light elements. From BBN, one obtains general model-independent bounds in the plane
(τX , mXYX) where τX is their lifetime, mX their mass and mXYX is their would-be con-
tribution to the total energy density of the universe today if they had not decayed [1–4].
We can therefore infer indirect information on their couplings through the constraints on
their lifetime and the efficiency of their production mechanism in the early universe. In
the present work, we show how a large new region unexplored so far in the (τX ,mXYX)
plane can be probed using future gravitational-wave observatories.
Our starting assumption is that these particles can temporarily dominate the energy
density of the universe, and therefore induce a period of matter domination within the
radiation era after post-inflationary reheating. This leads to a modified expansion of
the universe compared to the usually assumed single radiation era. Interestingly, such
modified cosmological history can be probed if during this period, there is an active
source of gravitational waves, in which case the resulting GW spectrum would imprint
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any modification of the equation of state of the universe. Particularly well-motivated are
the long-lasting GW production from cosmic string networks.
Cosmic strings (CS) are topological defects produced when a U(1) symmetry gets
spontaneously broken in the early universe [5–7]. CS behave as dynamical classical ob-
jects, moving at relativistic speed. They can also be described by fundamental or com-
posite objects in string theory [8–15]. CS networks offer promising prospects for the
detection of GW of cosmological origin. They are a generic prediction of many Standard
Model extensions, such as models of Grand Unification [16–18], or the seesaw mechanism
for neutrino masses when UB−L(1) is broken spontaneously [19].
The string network is characterized by its correlation length L. While strings are
stretched by cosmic expansion, they form loops. One would naively expect L to evolve
linearly with the scale factor a due to the Hubble expansion, such that L ∝ t1/2 in
radiation domination and L ∝ t2/3 is matter domination. However, a remarkable feature
of CS is that, after a transient evolution, the system reaches its scaling regime where the
energy loss of long strings into loop formation, is exactly such that L scales linearly with
the Hubble horizon t [20–24]. During this regime, the string network is only characterized
by the string tension µ, roughly given by the square of the phase transition temperature
Tp
Gµ ' 10−15
(
Tp
1011 GeV
)2
, (1)
and the long string density, ρ∞ = µ/L2, redshifts as radiation in radiation domination
and as matter in matter domination.
It has since long been conjectured that the oscillations of the CS loops may be the
dominant source of the Stochastic Gravitational Waves Background (SGWB), principally
because they constitute a long-standing source starting GW emission after the network
formation and still radiating today [25–41]. The interesting aspect of the SGWB from
CS is its flat frequency spectrum, assuming standard cosmology, spanning many orders of
magnitude in frequency. Hence, the capability of the next generation of GW interferom-
eters, LISA [42], Einstein Telescope [43, 44], Cosmic Explorer [45], BBO and DECIGO
[46] to detect the SGWB from CS, opens a unique observational window, on any new
physics likely to change the thermal history of the universe, and imprint features in the
GW spectrum. In [47], we analysed in detail how much information on the early universe
equation of state could be extracted from the observation of a SGWB generated by CS,
adding up on recent works [48–51].
In this study, we assume the presence of a heavy, cold, particle X dominating the
energy density of the universe at the temperature Tdom and decaying at the temperature
Tdec. Currently, the success of BBN in a standard radiation dominated universe provides
the strongest constraint on such scenario, Tdec & 1 MeV. The key point of our study
is that the observation of a flat GW spectrum from CS would extend by far the BBN
constraints on heavy relics. All assumptions relevant for our conclusions are discussed
in detail in our companion article [47], where we refine and extend the work of [48, 49]
beyond the scaling regime during the change of cosmology. We also take into account the
recent discussion on the effect of particle production on the GW emission [52]. We only
recap briefly the main points here and refer the reader to [47] for more details.
In Sec. 2, we review the main assumptions about the microscopic description of CS.
In Sec. 3, we compute the GW spectrum in the presence of an early matter era. We then
derive the improvement by many orders of magnitude of the current model-independent
BBN constraints on the abundance and lifetime of a particle, c.f. Fig. 3, that can be
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inferred from the detection of GW produced by CS. In Sec. 4, we provide unprecedented
exclusion bounds on four particle physics models leading to an early matter domination
era: oscillating scalar moduli in supersymmetric theories, secluded scalar sectors which
are only gravitationally produced, scalars produced through the Higgs portal, and massive
dark photons. At the very end, we also study the scenario where the dark photon mass
and the cosmic string network are generated by the spontaneous breaking of the same
U(1) symmetry.
2 Gravitational waves from cosmic strings
2.1 The micro-physics assumptions
A detailed discussion of the assumptions made for the prediction of SGWB from cosmic
strings is provided in our companion article [47]. We summarize them here.
• We consider CS from the breaking of a gauge symmetry.
• We assume first that CS can be described by Nambu-Goto strings which are 1-
dimensional classical object, characterized solely by their tension µ. The main
decay channel of loops are through gravitational waves and their sizes shrink with
a rate ΓGµ with Γ ' 50 [53].
• As a correction to the Nambu Goto approximation, we include the possibility of
producing massive particles due to the presence of string segments with curvature
comparable to their thickness, cusps and kinks.
• We consider a monochromatic loop distribution, where loops are produced with a
length being a fraction α = 0.1 of the Hubble size. Hence, we neglect the contri-
butions to the SGWB from the loops produced at smaller scales. In particular, we
neglect the contributions from the loops produced at the gravitational back reaction
scale, the scale below which small-structures are smoothened.
• GW production at time t˜ is dominated by the emission from small loops of size
∼ ΓGµ t˜, which have been produced at the horizon size, i.e. much earlier, at time
ti ∼ ΓGµ t˜/α.
• We compute the loop-formation efficiency Ceff by solving the Velocity-dependent
One-Scale equations [54–58]. Hence, we account for the extra time needed by the
long-string network to respond to the change of cosmology, inducing a shift by
one or two orders of magnitude of the turning-point frequency characterizing the
non-standard matter era.
2.2 The gravitational-wave spectrum
For our study, we follow the assumptions listed above and the expression given in [49]
for the computation of today GW spectrum generated from CS (for a derivation and
discussion of this formula, see [47])
ΩGW(f) ≡ f
ρc
∣∣∣∣dρGWdf
∣∣∣∣ = ∑
k
Ω
(k)
GW(f), (2)
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with
Ω
(k)
GW(f) =
1
ρc
·2k
f
· (0.1) Γ
(k)Gµ2
α(α + ΓGµ)
∫ t0
tF
dt˜
Ceff(ti)
t4i
[
a(t˜)
a(t0)
]5 [
a(ti)
a(t˜)
]3
Θ(ti−tF )Θ(ti− l∗
α
), (3)
where we integrate over all emission times t˜ starting from the network formation time tF
up to today t0 and where the sum is performed over the mode frequencies of the loop.
We assume that a loop created at ti, with a length at a fraction α of the Hubble horizon,
shrinks by emission of GW with a rate ΓGµ
l(t) = αti − ΓGµ(t− ti), (4)
where the gravitational loop-emission efficiency is independent of the lenght of the loop,
Γ ' 50 [53]. The 1-loop power spectrum Γ(k) Gµ2 assumes cusp domination
Γ(k) =
Γ k−4/3∑∞
p=1 p
−4/3 '
Γ k−4/3
3.60
. (5)
From Eq. (4), the time ti, when the loops, sourcing GW emitted at time t˜ and detected
with frequency today f , have been created can be expressed as
ti(f, t˜) =
1
α + ΓGµ
[
2k
f
a(t˜)
a(t0)
+ ΓGµ t˜
]
. (6)
As discussed in [47, 52], loops with length smaller than l∗ decay dominantly into massive
particles
l∗ = βm
µ−1/2
(ΓGµ)m
, (7)
where m = 1 or 2 for kink-dominated or cusp-dominated loops, respectively, and βm ∼
O(1).
2.3 The Velocity-dependent One-Scale model
Numerical simulations realized by Blanco-Pillado et al. [59] have shown that a fraction
F ' 10% of the loops are produced with a length equal to α ' 10% of the horizon size
and with a Lorentz boost factor γ ' √2. The remaining 90% of the energy loss by long
strings goes into highly boosted smaller loops whose contribution to the GW spectrum
is sub-dominant. Under those assumptions, the Velocity-dependent One-Scale (VOS)
model [55–58] predicts the loop-formation rate to be
dn
dti
= FCeff(ti)
α t4i
. (8)
Concretely, the VOS model describes the evolution of Nambu-Goto long strings through
two macroscopic quantities, their mean velocity v¯ and correlation length ξ ≡ L/t, from
which one can compute the loop-formation efficiency
Ceff ≡ c˜ v¯√
2ξ3
, (9)
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Figure 1: SGWB generated by the gravitational decay of cosmic strings compared to the
reach of different GW interferometers. We show the impact of a long (red) or a short (blue)
intermediate matter era, starting at the temperature r T∆ and ending at T∆ = 10 MeV or
T∆ = 10 TeV. Black lines show the results obtained assuming standard cosmological evolution.
The dashed-lines assume that the scaling regime switches on instantaneously during the change
of cosmology whereas the solid lines incorporate the transient behavior, solution of the VOS
equations, as discussed in [47]. Limitations due to particle production assuming that the small-
scale structures are dominated by cusps are shown with dotted lines [47]. The dotted vertical
lines indicate the relation in Eq. (10) between the temperature T∆ and the frequency f∆ of the
turning point, where the matter-era-tilted spectrum meets the radiation-era-flat spectrum.
where c˜ is the loop-chopping efficiency, c˜ = 0.23 based on Nambu-Goto numerical simu-
lations [55]. In [47], we study the implication of the recent refinement of the VOS model
[60], which includes particle production and is based on abelian-Higgs field theory nu-
merical simulations. Out of the competing dynamics of Hubble stretching and energy
loss through loop chopping, the network reaches an attractor solution, the scaling regime,
in which both v¯ and ξ are constant. In our companion paper [47], we show that the
long-string network deviates from the scaling regime during a change of cosmology. As
an illustration, Fig. 1 compares the spectrum computed by assuming that the scaling
regime is reached instantaneously during the change of cosmology with the full solution
of the VOS equations. It shows that the turning point frequency which is a signature of
the change of cosmology from matter to radiation, is over-estimated by more than one
order of magnitude in the scaling approximation. Ref. [47] refines the study of [49] by
going beyond the scaling regime as well as considering particle production and additional
non-standard cosmological histories.
2.4 The reach of GW interferometers
GW spectra from CS for two values of Gµ = 10−15, 10−11 are plotted in Fig. 1, together
with the power-law sensitivity curves of NANOGrav [61], EPTA [62], SKA [63], LIGO
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[64], DECIGO, BBO [46], LISA [42], Einstein Telescope [43, 44] and Cosmic Explorer
[45]. Only EPTA, NANOGrav and LIGO O1/O2 (which are not visible on the plots) are
current constraints, the other ones being projected sensitivities of future projects. The
power-law integrated sensitivity curves are computed in [47] with a signal-to-noise ratio
SNR=10 and an observation time of 10 years. At lower string tension Gµ, the GW power
emission per loop is smaller, hence the amplitude is suppressed. Also, for lower values of
Gµ, loops decay more slowly and GW are emitted later, which implies a lower red-shift
factor and a global shift of the spectrum towards higher frequency.
The strongest constraints come from pulsar timing array EPTA, Gµ . 8× 10−10 [65],
and NANOGrav, Gµ . 5.3× 10−11 [61], therefore we limit ourselves to Gµ < 10−11. Our
analysis is based on the assumption that the astrophysical foreground can be subtracted.
The GW spectrum generated by the astrophysical foreground increases with frequency
as f 2/3 [66], differently from the GW spectrum generated by CS during radiation (flat)
or during matter (f−1).
3 The imprints of an early era of matter domination
3.1 Modified spectral index
The part of the spectrum coming from loops produced and emitting during radiation
is flat since there is an exact cancellation between the red-tilted red-shift factor and the
blue-tilted loop number density. However, in the case of a matter era, a mismatch induces
a slope f−1. The impact of a non-standard matter era is shown in Fig. 1. The frequency
detected today f∆ of the turning point between the end of the matter domination and the
beginning of the radiation-domination can be related to the temperature of the universe
T∆ when the change of cosmology occurs
f∆ = (2× 10−3 Hz)
(
T∆
GeV
)(
0.1× 50× 10−11
αΓGµ
)1/2(
g∗(T∆)
g∗(T0)
)1/4
. (10)
The GW measured with frequency f∆ have been emitted by loops produced during the
change of cosmology at T∆. An extensive discussion of this frequency-temperature rela-
tion as provided in [47]. The above formula entirely relies on the assumptions that the
back-reaction scale is ΓGµ as claimed by Blanco-Pillado et al. [67–69] and not much
lower as claimed by Ringeval et al. [53, 59] .
3.2 How to detect a matter era with a GW interferometer
For a first qualitative analysis, we start with two simple prescriptions for detecting a
matter era from the measurement of a SGWB from CS by a GW interferometer.
• Rx 1 (turning-point prescription): The turning point, namely the frequency at
which the spectral index of the GW spectrum changes, corresponding to the tran-
sition from the matter to the radiation era, defined in Eq. (10), must be inside the
interferometer window, as shown for instance in Fig. 1.
• Rx 2 (spectra-index prescription): The measured spectral index must be smaller
than −0.2, namely β < −0.2 where ΩGWh2 ∝ fβ.
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Figure 2: Left: SGWB for Gµ = 10−11 assuming that a heavy cold particle dominates the en-
ergy density of the universe at the temperature Tdom and decays at the temperature T∆ = Tdec.
Right: Considering the particular case of the Einstein Telescope, we illustrate how the con-
straints on the abundance and lifetime of a heavy relic depend on the choice of the prescription,
Rx 1 or Rx 2 defined in Sec. 3.2.
In Fig. 2, we compare the above two prescriptions. The prescription Rx 1 is more con-
servative but enough to measure the lifetime of the particle. In our study, we use the
prescription Rx 1 and, in Fig. 4, we show how to extend the constraints with Rx 2.
We note here that the presence of the turning point and the changed spectral index at
high frequencies would be similar in the case of a long intermediate inflation era instead
of an intermediate matter era. Disentangling the two effects deserves further studies.
Interestingly, high-frequency burst signals due to cusp formation could be a way-out [47].
In the analysis of this paper, we interpret the suppression of the GW spectrum as due to
an intermediate matter era.
3.3 Model-independent constraints on particle physics param-
eters
A matter-dominated era may result from an oscillating scalar field [70], such as a moduli
field, or a relativistic plasma with a non-vanishing tensor bulk viscosity [71], or simply
a massive particle dominating the energy density of the universe. A matter-dominated
era may be motivated by the possibillity to enhance structure growth at small scales,
since density perturbations start to grow linearly earlier [72, 73], hence boosting the dark
matter indirect detection signals [74, 75], or the possibility to enhance the primordial
black holes production [76–78].
We suppose an early-matter era is caused by the energy density of a cold particle X,
meaning that X is non-relativistic and is decoupled chemically and kinetically from the
visible sector. The energy density mXnX of X dominates over the energy density of the
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Figure 3: Constraints on the lifetime τX and would-be abundance mXYX of a heavy unstable
particle inducing an early-matter era, assuming the observation of a SGWB from CS by a GW
interferometer, c.f. Sec. 3.3. We compare the new prospects with the current limits inferred
from BBN [2–4]. We assume the detectability of the turning point in the GW spectrum at the
frequency f∆, induced by the decay of the particle at Tdec = T∆, c.f. turning-point description
Rx 1 in Sec. 3.2. Limitation due to particle production in the cusp-domination case [47] are
shown in purple.
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SM radiation, with entropy sSM, at the temperature Tdom
Tdom =
4
3
mXYX , YX ≡ nX/sSM. (11)
Then, the cold relic decays when its lifetime τX is equal to the age of the universe,
corresponding to the temperature
Tdec = 1 GeV
(
80
gSM
)1/4(
2.7× 10−7 s
τX
)1/2
. (12)
Note that the above relation between Tdec and τX only assumes that the decay is followed
by a radiation dominated era and is independent of the previous thermal history of the
universe. Tdec is sometimes referred, mistakenly though [79], as the reheating temperature
following the decay. We propose to use the third generation of GW interferometers to
constrain cold relics responsible for early-matter domination. The constraints we will
derive rely on the following assumptions:
1) A SGWB from CS with tension Gµ is measured by a GW interferometer i.
2) The cold particle is abundant enough to lead to a matter-dominated era before it
decays
Tdom > Tdec , (13)
where Tdom and Tdec satisfy Eq. (11) and Eq. (12).
3) The prescription Rx 1 of Sec. 3.2 is used, i.e. the turning point in the GW spectrum
is in the observation window of the detector and
ΩGW (f∆(Tdec, Gµ), Gµ)h
2 > Ω(i)sensh
2, (14)
where ΩGW (f, Gµ)h
2 is the predicted scale-invariant GW spectrum from Eq. (2),
and Ω
(i)
sensh2 is the power-law sensitivity curve of the detector i.
Fig. 3 shows these new constraints in comparison with the current complementary con-
straints from BBN, usually represented in the plane (τX , mXYX) [2–4]. We can translate
the sensitivity of each interferometer to probe the particle lifetime into typical mass win-
dows, assuming some decay width. This is illustrated in Fig. 4 with a Planck-suppressed
decay width ΓX ∝ m3X/M2pl.
4 Application to benchmark models
4.1 Oscillating scalar moduli
String theory vacua feature moduli fields which characterize the size and shape of the
compactification manifold. From a 4D effective field theory perspective, they are fields
with flat potential e.g. axions or dilatons. After supersymmetry (SUSY) breaking, one
expects moduli fields to acquire a mass of the order of the gravitino mass scale for the
lightest [80], e.g. m3/2 ∼ TeV for low-scale SUSY. As soon as the Hubble rate satisfies
H . mφ, the scalar field starts coherent oscillations and its energy density redshifts as
10
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Figure 4: Reach of future GW interferometers on the mass of a heavy particle decaying through
a Planck suppressed operator, ΓX ∝ m3X/M2pl, supposing that it is sufficiently produced to in-
duce a matter era before the decay. We compare the turning-point prescription (Rx 1) and the
spectral-index prescription (Rx 2) discussed in Sec. 3.2. In Sec. 4, we study three different
production mechanisms of such particle with Planck suppressed decay width: scalar oscillat-
ing moduli produced after supersymmetry breaking in Sec. 4.1, scalar particle gravitationally
produced at the end of inflation in Sec. 4.2, or scalar particle produced via thermal freeze-in
assuming a Higgs-mixing in Sec. 4.3.
matter. We assume that the onset of oscillations occurs during radiation domination, at
the temperature Tosc
pi2g∗T 4osc
90Mpl
≡ m2φ (15)
where we fix the number of relativistic degrees of freedom to the fiducial value g∗ = 106.75.
Then, the moduli starts dominating the energy density of universe at the temperature,
c.f. Eq. (11)
Tdom =
4
3
ρoscφ
sosc
≡
1
2
m2φφ
2
0
2pi2
45
g∗T 3osc
, (16)
where φ0 is the vacuum expectation value of the moduli field when it starts to oscillate.
For concreteness, we consider moduli fields which interact with the visible sector via
Planck-suppressed operators and hence have decay widths of order
Γφ ' c
8pi
m3φ
M2pl
, (17)
where Mpl ' 2.4 × 10−18 GeV and c is a model-dependent factor which we suppose to
be in the range 10−2 . c . 102. For TeV-scale moduli mass, the moduli lifetime is long,
Γ−1φ ∼ 105 s, and the decay occurs much after BBN. Imposing that the energy density
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of the moduli decay products, ρφ, is smaller than a fraction 10
−14 of the total entropy
density of the universe in order to preserve the predictions of BBN, c.f. Fig. 3 and [2–
4], one constrains the vacuum expectation value of the moduli field, just after it starts
oscillating, to be, c.f. Fig. 5
BBN is preserved for TeV-scale moduli: φ0 . 10−12 Mpl. (18)
A large moduli VEV is expected from the dependence of the moduli potential on the in-
flaton VEV [81–84], except if the scalar moduli field lies at a point of enhanced symmetry
where the induced minimum at late times coincides with the minimum at earlier times
[85]. However, even in the case where the moduli VEV after SUSY breaking remains
small, one expects moduli to be copiously produced both through thermal [86–88] and
gravitational production, c.f. Sec. 4.2 and [89, 90], hence violating the bound in Eq. (18).
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Figure 5: Constraints on a moduli field oscillating in the early universe around its minima
with initial amplitude φ0 and mass mφ, from the non-observation of its signature in the GW
spectrum from CS with tension Gµ = 10−11. In stringy UV completions, the lightest moduli field
is related to the gravitino scale mX ∼ m3/2 [80]. The BBN constraints are taken from [2–4].
We use the turning-point prescription (Rx 1) discussed in Sec. 3.2. Constraints are tightened
when considering the spectral-index prescription (Rx 2), as illustrated in Fig. 4.
The scalar moduli problem is similar to the gravitino problem [91], both are copiously
produced relics, with weak-scale mass and Planck-suppressed decay rate, spoiling the
BBN predictions. An important difference is that during inflation, the energy density is
diluted in the fermionic case but is frozen in the scalar case as long as H  mφ. Hence,
as opposed to the gravitino case, only a low-scale (weak-scale) inflation can exponentially
dilute the scalar field and solve the moduli problem [92]. Other proposed solutions are
to increase the moduli mass up to mφ ∼ O(103)m3/2, c.f. Fig. 5 and [93], or to form
substructures (modular stars) which enhances the decay [94, 95], or to produce gauge
fields from the tachyonic instability [96].
A pragmatic approach to solve the moduli problem is to break SUSY at a much
higher scale, at the expense of large fine-tuning, like in so-called High-scale SUSY [97]
or Split SUSY [98]. A larger SUSY breaking scale improves gauge coupling unification
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[99], is compatible with the Higgs at 125 GeV [100] and is free from the main difficulties
encountered by low-scale SUSY such as large flavor and CP violation [101]. In Split and
High-scale SUSY, a 125 GeV Higgs is compatible with a SUSY breaking scale as high as
108 GeV and 1012 GeV respectively [100]. Moduli fields with masses of the same order
would then induce an early matter era which could lead to detectable features in the GW
background.
As shown in Fig. 5, the observation of a SGWB from CS with one of the next genera-
tion GW interferometers would provide constraints on moduli masses up to . 1010 GeV,
well above the current . 100 TeV currently probed by BBN. Hence, if detected, GW
from CS would be a promising tool to probe superstring theories.
In addition to being naturally motivated in SUSY constructions, moduli fields have
interesting cosmological consequences: Afflect-Dine baryogenesis [83, 102], non-thermal
production of Wino-DM [84, 103, 104], formation of oscillons or Q-balls [95], the required
entropy injection to allow thermal DM much heavier than the standard unitarity bound
∼ 100 TeV [105] or to revive Grand-Unified-Theory-scale QCD axion DM [106], see
Ref. [107] for a review on the moduli problem and its cosmological implications.
4.2 Scalar particles produced gravitationally
In the previous subsection, Sec. 4.1, we considered a model of gravitationally-only inter-
acting particle whose abundance is given by the misalignement mechanism after SUSY
breaking. Instead, we now consider the possibility to produce such a particle, gravita-
tionnally only, at the end of inflation. In the next subsection, Sec. 4.3, we also consider
the possibility of a thermal production via freeze-in through a Higgs mixing in the case
of the conformal scalar ξ = 1/6 where the gravitational production is too small to lead
to an early matter domination.
A massive particle can be gravitationally produced at the end of the inflation due
to the non-adiabatic change of its curvature-induced mass from deep de Sitter to deep
radiation-domination [108–112], hence possibly leading to heavy dark matter WIMPzillas
[113–117]. Our interest here is not to explain DM but to predict a non-standard matter
era in the early universe. If coupled non-conformally to gravity and if the condition of
non-adiabaticity, mX . Hinf , is satisfied, then the particle χ will be produced abundantly,
potentially leading to an early matter domination. The lagrangian is
S =
∫
d4x
√−g
(
1
2
(
M2P − ξχ2
)
R− 1
2
gµν∂µχ∂νχ− 1
2
m2χχ
2
]
, (19)
with ξ the non-minimal coupling to gravity. We consider the cases ξ = 0 (minimal
coupling) and ξ = 1/6 (conformal coupling). We suppose that the scalar χ decays
gravitationally through Planck suppressed operators
Γχ ' 1
8pi
m3χ
M2P
. (20)
A too light scalar would spoil the BBN prediction. The comoving number density, Yχ ≡
nχ/s, of a minimal scalar, ξ = 0, after gravitational production is [116]
Y ξ=0χ '
H2rehHinf
s

96
Hinf
mχ
mχ
Hinf
< 1,
0.76
Hinf
mχ
e−2mχ/Hinf
mχ
Hinf
> 1,
(21)
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where Hinf and Hreh are the Hubble factors at the end of inflation and reheating. We
have checked that particle production caused by the oscillations of the inflaton during
preheating, potentially relevant when Hinf . mχ . mφ where mφ is the inflaton mass
[117–121], is not strong enough to ignite an early matter domination before BBN.
For our study, we fix the inflation scale Hinf = 10
13 GeV close to its upper bound value
6 × 1013 GeV from the non-detection of the fundamental B-mode polarization patterns
in the CMB [122, 123]. If produced with a sufficient amount, the scalar field can lead
to an early-matter domination era. In Fig. 6, we show the GW constraints on the χ
scalar particle, which is non-conformally coupled to gravity. We see that for reheating
temperature larger than 107 GeV, the scalar field is sufficiently produced by gravitational
effects at the end of inflation to dominate the energy density of the universe before BBN
starts, and be detected in GW experiments. Masses as large as 1010 GeV can be probed.
The gravitational production of particles conformally coupled to gravity, i.e. scalars
with ξ = 1/6, transverse vectors or fermions, is less efficient than for a minimal scalar,
ξ = 0 [116, 120, 124–126]. Here we give the abundance computed in [116] for a conformal
Grav. only interacting
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Figure 6: Constraints on a purely gravitationally produced (κ = 0) non-conformal scalar
(ξ = 0) decaying via a Planck suppressed operator, c.f. Sec. 4.2, assuming the observation of
a SGWB from CS with tension Gµ = 10−11 by third-generation GW detectors. We have fixed
the inflation scale Hinf = 10
13 GeV. We use the turning-point prescription (Rx 1) discussed in
Sec. 3.2. Constraints are tightened when considering the spectral-index prescription (Rx 2), as
shown in Fig. 4.
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Figure 7: Constraints on a scalar conformally coupled to gravity, ξ = 1/6, thermally produced
via a mixing with the Higgs κ = 10−6, 10−4, 1, c.f. Sec. 4.3, from the measurement of a SGWB
from CS. We have also included the gravitational production, c.f. 4.2, even though it is negligible.
We have fixed the inflation scale Hinf = 10
13 GeV. We use the turning-point prescription (Rx 1)
discussed in Sec. 3.2. Constraints are tightened when considering the spectral-index prescription
(Rx 2), as shown in Fig. 4.
scalar1
Y ξ=1/6χ '
H2rehHinf
s

0.0010
mχ
Hinf
mχ
Hinf
< 1,
0.0040
Hinf
mχ
e−2mχ/Hinf
mχ
Hinf
> 1,
(22)
We check that the gravitational production of such particles, conformally-coupled to
gravity, is not strong enough to lead to a matter-domination era before BBN starts, if the
reheating temperature following inflation is below 1013 GeV. Hence, in the next section
we consider another production mechanism by introducing a mixing with the standard
model Higgs.
4.3 Scalar particles produced through the Higgs portal
The gravitational production of a scalar conformally-coupled to gravity (ξ = 1/6), is too
small to lead to an early-matter domination. On the other hand, a mixing with the Higgs
H
L ⊃ κ
2
χ2|H|2, (23)
1Here ‘conformal scalar’ means ‘conformally coupled to gravity’ with ξ = 1/6. In any case, the
conformal symmetry is broken via the scalar mass term.
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can lead to a large abundance via thermal freeze-in [116]
Yχ ' H
2
rehHinf
s

105|κ|2
64pi4
T 12max
H4inf m
8
χ
e−2mχ/Tmaxf0(mχ/Tmax) Treh  mχ,
3|κ|2
2048pi3
T 12max
T 7rehH
4
inf mχ
mχ  Treh,
(24)
where Tmax = Treh (Hinf/Hreh)
1/4 and Treh are respectively the maximal temperature after
inflation and the reheating temperature, and f0(x) ≡ 1 + 2x + 2x2 + 4x3/3 + 2x4/3 +
4x5/15+4x6/45+8x7/315+2x8/315. In Fig. 7, we show that a reheating temperature as
low as 103 GeV (for κ = 1) can induce a matter-domination era before BBN and leave an
imprint in the would-be SGWB from CS detectable by GW interferometers. For κ = 1,
masses as large as 1010 GeV can be probed.
4.4 Heavy dark photons
The U(1)D dark photon: We consider a U(1)D gauge boson, Vµ, the dark photon, of
mass mV , kinematically coupled to the U(1)Y gauge boson of the SM [127, 128]
L ⊃ − 
2cw
FYµνF
µν
D , (25)
where cw is the cosine of the weak angle and  is the dark-SM coupling constant. The decay
width into SM, ΓV , is computed in [105]. We here report the expression for mV & 2mZ
ΓV '
(
3× 10−8 s)−1 ( 
10−9
)2 ( mV
1 TeV
)
. (26)
The dark photon leads to an early-matter-dominated era if it has a large energy density
mV YV & 10 GeV and a long lifetime τV ∼ 10−8 s, c.f. Fig. 3 at Gµ = 10−11. Supposing
that the dark photon abundance is close to thermal, YV ∼ 0.02, c.f. Eq. (28), this implies
 . 10−9. At such a low , the dark sector and the SM sector may have never been at
thermal equilibrium (c.f. [129] or footnote 8 in [130]) and may have their own distinct
temperature. We assume that the dark sector and the SM have a different temperature
by introducing the dark-to-SM temperature ratio [130]
r˜ ≡ T˜D
˜TSM
, (27)
where quantities with a ∼ on top are evaluated at some high temperature T˜ . Thus, the
dark photon abundance before its decay is given by
YV =
nV
sSM
=
45ζ(3)
2pi4
g˜D
g˜SM
r˜3 ' 0.0169
(
g˜D
6.5
)
r˜3, (28)
where g˜D and g˜SM are the relativistic number of degrees of freedom in the dark sector
and the SM at temperature T˜ . Plugging Eq. (28) into Eq. (11) implies a simple relation
between the temperature at which the dark photon dominates the universe Tdom and its
mass mV . We choose to be agnostic about the mechanism setting the abundances in the
16
dark sector and we enclose all possibilities by introducing a dark-to-SM temperature ratio
r˜2
As shown in the left panel of Fig. 8, low kinetic mixing , large mass mV or large
dark-to-SM temperature ratio r˜ lead to an early-matter-dominated era, triggered when
Tdom & Tdec. The non-detection with a future GW interferometer, of the imprint left by
such a matter era, in the GW spectrum from CS, would exclude the existence of the dark
photon for given values of the kinetic mixing, the dark photon mass and the dark-to-SM
temperature ratio (, mV , r˜). We show the GW-from-CS constraints on the dark photon
in the right panel of Fig. 8, together with existing constraints coming from supernova
SN1987 [138, 139] and beam-dump experiments [130]. Other constraints on lighter dark
photons do not appear on the plot and are summarized in the reviews [140–142]. We also
include the BBN constraint which imposes the dark photon to decay before τV . 0.1 s
[2–4] or later if the energy density fraction carried by the dark photon is smaller than
∼ 10% [130]. Note, that only the BBN and the GW-from-CS constraints depend on the
dark-to-SM temperature ratio r˜ which fixes the abundance of the dark photon in the
early universe.
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Figure 8: Left: Constant dark photon lifetime τV contours. For a given dark-to-SM tempera-
ture ratio r˜ ≡ TD/TSM, a non-standard early matter domination is induced below the correspond-
ing orange line where the dark photon dominates the universe before it decays. Right: Expected
constraints on the dark photon mass mV and kinetic mixing , assuming the measurement of
a GW spectrum from CS with tension Gµ = 10−11 by future GW interferometers. We use the
turning-point prescription (Rx 1) discussed in Sec. 3.2.
2 Production of the dark photon in the early universe has been studied in the literature. For a small
kinetic mixing , the abundance of the dark sector can be set non-thermally either by freeze-in [129, 131–
133], or by a separate reheating mechanism. In the latter case, the temperature asymmetry in Eq. (27)
results from an asymmetric reheating [134–137]. For moderate kinetic mixing  & 10−6
√
MDM/TeV [129],
the dark sector may have been at thermal equilibrium with the SM, but asymmetric temperatures can
result from asymmetric changes in relativisitic degrees of freedom [130]. On the other hand, a possibility
for thermally equilibrating the U(1)D sector and the SM in the case of a small kinetic mixing  would
be to introduce a dark Higgs φ, mixing with the SM Higgs, which once at thermal equilibrium with SM,
decays into dark photons.
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Figure 9: Additional constraints when the dark photon is embedded in a DM model as the
mediator of U(1)D-charged DM (see text). We compare the expected GW constraints from cosmic
strings with the existing constraints on the U(1)D DM model: Supernovae bounds from [138]
and [139], direct detection bounds from [130] and the indirect detection + CMB constraints are
a rough estimate from [105]. Beam dump constraints are also taken from [130]. The unitarity
bound on the DM mass MDM [143] can also be applied on the mediator mass because of the
kinematic condition mV < MDM. The unitarity bound gets relaxed at small  because of the
larger entropy injection following the dark photon decay [105].
We can appreciate the complementarity between the well-established supernova, beam
dump, BBN constraints, and the expected constraints assuming the detection of a SGWB
from CS by the GW interferometers. Indeed, whereas supernova and beam dump do not
really constrain above mV & 0.1 GeV, the detection of a SGWB from CS with a string
tension Gµ ' 10−11 would exclude dark photon masses up to the maximal reheating
temperature mV ∼ 1016 GeV allowed by the maximal inflation scale Hinf . 6× 1013 GeV
[122, 123], and kinetic mixing as low as  ∼ 10−18.
The dark photon as a dark matter mediator: An interesting motivation for the
dark photon is that it can play the role of a dark matter mediator. We can suppose that
the dark sector also contains a Dirac fermion χD charged under U(1)D, playing the role
of DM [105, 130, 144–152]
L ⊃ χ¯Di /DχD −MDMχ¯DχD, (29)
where Dµ = ∂µ + igDVDµ is the covariant derivative with gD the U(1)D gauge coupling
constant. We suppose that the DM freezes-out by annihilating into pairs of dark photons,
we impose mV < MDM. We assume the dark photon to be non-relativistic when it decays
but relativistic when it is produced, therefore, we set g˜D = 3 +
7
8
· 4 = 6.5 in Eq. (28).
The unitarity bound on the DM mass MDM can be applied to the dark photon mass
mV upon assuming mV < MDM. In the standard paradigm, the unitarity bound on s-wave
annihilating dirac fermion DM is MDM . 140 TeV [143, 153]. However, if long-lived and
heavy, the decay of the mediator can, by injecting entropy, dilute the DM abundance and
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relax the unitarity bound to [105]
MDM . 140 TeV
√
D, (30)
where D is the dilution factor D ' Tdom/Tdec, Tdom and Tdec are as defined in Eq. (11)
and Eq. (12).
In Fig. 9, we add the contraints on the dark photon when the later plays the role
of the mediator of DM. They come from direct detection [130], CMB [105], indirect
detection, using neutrino, gamma-rays, positrons-electrons and anti-protons [105], as well
as from unitarity [105]. They are complemented by the GW-from-CS constraints. For
 . 10−10, all the traditional indirect detection constraints evaporate and the unitarity
bound is pushed to larger masses due to the entropy dilution following the dark photon
decay such that the model is then currently only constrained by BBN. It is remarkable
that GW interferometers could probe this unconstrained region where  < 10−10 and
mV > 1 GeV. In Fig. 8 and 9, we use the turning-point prescription (Rx 1) discussed in
Sec. 3.2. Constraints are stronger when considering the spectral-index prescription (Rx
2), as shown in Fig. 4 or in Fig. 2.
Scenario where the cosmic string network and the dark photon mass have
the same origin: As a last remark, we comment on the case where the spontaneous
breaking of the U(1)D symmetry would be responsible for the formation of the cosmic
string network, so that the dark photon mass is no longer a free parameter but is related
to the string tension µ, through the Abelian-Higgs relations [6]
µ = 2pi < φD >, (31)
m2V = 2g
2
D < φD >
2, (32)
where φD is the scalar field whose vacuum expectation value < φD > breaks the U(1)D
symmetry spontaneously.
In this case, we find that most of the relevant parameter space is ruled out due
to overabundance of dark matter.3 The only viable solution would be to assume that
the states which are charged under U(1)D and stable under decay, are heavier than the
reheating temperature such that they are never produced. The Weak Gravity Conjecture
(WGC) requires the existence of a charged state with mass smaller than [155]
mX . gDMpl. (33)
Hence, gDMpl sets the maximal reheating temperature, above which charged states re-
sponsible for universe overclosure might be produced. Therefore, we should exclude the
parameter space where the temperature of the U(1)D spontaneous breaking, taken as
∼ 〈φD〉, is heavier than gDMpl, c.f. pale sky blue region in right plot of Fig. 10. Note that
the WGC does not specify if the suggested charged state is stable under decay or not. For
instance, it would be stable and overclose the universe if it is a U(1)D fermion but not
if it is a U(1)D Higgs, which can still decay into a dark photon pair when mφD & 2mV .
Hence, the WGC constraint in our parameter space has to be taken with a grain of salt.
3The cross-section of a pair of U(1)D fermions annihilating into dark photons is given by σv ' piα2D/m2ψ
with αD = g
2
D/4pi. It is way too weak to prevent universe overclosure, except if we tune the Yukawa
coupling of the fermion, λ, defined by mψ = λ 〈φ〉 /
√
2, to very small values.
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Figure 10: Scenario where the dark photon mass mV and the cosmic string network are
generated by the spontaneous breaking of the same U(1) symmetry, such that mV is related to
the string tension µ. Pale colors: Constraints on the dark photon parameter space assuming
the mere detection of the GW spectrum from CS by NANOGrav, LISA, ET, CE, DECIGO
and BBO. Opaque colors: Constraints assuming the detection of the turning point in the
GW spectrum induced by the transition from matter to radiation when the heavy dark photon
decays. When combining Eq. (10) and Eq. (12), this last detection allows to measure the dark
photon lifetime. The constraints described in the following part of this caption are independent
of the GW emission. Pale red: The non-observation of the fundamental tensor B-modes
in the CMB imposes the stringest upper bound on the energy density scale of inflation [123],
Vinf . 1.6 × 1016 GeV. This provides an upper-bound on the reheating temperature, which
also must satisfy 〈φD〉 . Treh in order for the string network to be formed. Thus, we impose
the CS formation to occur after the end of inflation with the following criteria: 〈φD〉 . Vinf .
Pale purple: Constraints from the non-observation of line-like temperature anisotropies in the
CMB, e.g. [154], Gµ . 2×10−7. Pale sky blue: In order to prevent DM overclosure, we must
assume the U(1)D charged states to be heavier than the reheating temperature such that they are
never produced. A possibility which is constrained by the Weak Gravity Conjecture, c.f. main
text, thus we impose 〈φD〉 . gDMpl. The last inequality implicitly assumes 〈φD〉 . Treh. Note
however that such a charged state could be unstable, e.g. if it is a dark Higgs, in which case the
WGC constraint is relaxed.
Assuming a natural gauge coupling value, gD = 10
−1, we find that dark photons
heavier than & 100 PeV would be accompanied with a U(1)D cosmic string network
producing an observable GW spectrum, see left plot of Fig. 10. In the case where gD =
10−4, we could probe dark photon masses down to & 100 TeV, see right plot of Fig. 10.
On the same plot, we superpose the constraints, shown with pale colors, coming from
the simple observation of the GW spectrum with future experiments (except NANOGrav
which is already operating), and the constraints, shown with opaque colors, coming from
the detection of the turning point where the spectral index of the GW spectrum changes
due to the decay of the dark photon which was dominating the energy density of the
universe. The former detection would allow to measure the dark photon mass whereas
the latter detection would allow to access its lifetime.
20
5 Summary
If future GW observatories have the sensitivity to detect stochastic GW backgrounds of
primordial origin and to measure precise features in this spectrum, they can reveal very
unique information about very high scale physics. Particularly relevant sources of GW are
cosmic strings. Cosmic strings are almost ubiquitous in many Grand-Unified Theories.
As they keep emitting throughout the whole cosmological history of the universe, the
resulting GW spectrum covers a wide range of frequencies and can be detected either by
space-based or ground-based observatories. An early era of matter domination due to
new heavy particles generates a clear signature in the GW spectrum of cosmic strings.
In this study, we assume the existence of an early matter era due to the presence of a
cold particle X temporarily dominating the energy density of the universe and decaying
before the onset of BBN. We compute its impact on the GW spectrum of CS beyond the
scaling regime. We show that detecting such a feature and interpreting it in terms of a
new heavy relic can lead to unparalleled constraints in the (τX , mXYX) (lifetime, yield)
plane. In Fig. 3, we provide model-independent constraints which extend the usual BBN
constraints on the lifetime τX by 15 orders of magnitude for Gµ = 10
−11, as we are able
to constrain early matter dominated era ending when the temperature of the universe is
between 50 TeV and 1 MeV.
Next, we show that this new search strategy is likely to provide unprecedented con-
straints on particle physics models. We illustrate this on minimal models of massive
particles. In the first class, the heavy particle has only gravitational interactions and de-
cays though a Planck-suppressed coupling, c.f. Fig. 4. In the second class, the heavy relic
is a new U(1) gauge boson that decays to the Standard Model via kinetic mixing to U(1)Y
hypercharge. We point out that supersymmetric theories could be probed, well above the
reach of present and future colliders, up to a gravitino mass scale of 1010 GeV, due to
the presence of oscillating scalar moduli fields produced after dynamical supersymmetry
breaking, c.f. Fig. 5. Secondly, we study a simple model of massive scalar particle inter-
acting only gravitationally with the Standard Model and which therefore has no chance
to be observed in collider or direct/indirect detection experiments. If non-conformally
coupled to gravity, it can be abundantly produced by gravitational effects at the end of
inflation, hence leading to a matter era, which stochastic gravitational-wave backgrounds
from cosmic strings can uniquely probe, c.f. Fig. 6. Finally, we study a model of dark
photon kinematically coupled to the Standard Model hypercharge, possibly embedded in
the U(1)D dark-photon-mediated dark matter model. The constraints we obtain from
GW on U(1)D dark matter falls in the large mass/small kinetic mixing ballpark which is
otherwise unreachable by any current and probably future direct/indirect detection and
CMB constraints, c.f. Fig. 9. At last, we consider the possibility that the dark photon
mass and the cosmic string network are generated by the spontaneous breaking of the
same U(1) symmetry and show that we can use future GW interferometers to probe
dark photon masses above 100 PeV, or even down to the TeV scale if we tune the gauge
coupling to small values, see Fig. 10.
These are only a few minimal examples of particle physics models generating early
matter eras. There are many other well-motivated models which would deserve considera-
tion in this respect. We will present the corresponding constraints on axion-like-particles
and primordial black holes in a separate study.
21
Acknowledgements
We thank Quentin Bonnefoy, Roberto Contino, Valerie Domcke, Yohei Ema, Filippo Sala
and Je´roˆme Vandecasteele for useful comments and discussions. This work is supported
by the Deutsche Forschungsgemeinschaft under Germany’s Excellence Strategy - EXC
2121 “Quantum Universe” - 390833306. The work of Y.G. is partly supported by a PIER
Seed Project funding ‘Dark Matter at 10 TeV and beyond, a new goal for cosmic-ray
experiments’ (Project ID PIF-2017-72). P.S. acknowledges his master-degree scholarship
from the Development and Promotion of Science and Technology Talents project (DPST),
Thailand.
References
[1] R. H. Cyburt, J. R. Ellis, B. D. Fields and K. A. Olive, Updated nucleosynthesis constraints on
unstable relic particles, Phys. Rev. D67 (2003) 103521, [astro-ph/0211258].
[2] K. Jedamzik, Big bang nucleosynthesis constraints on hadronically and electromagnetically
decaying relic neutral particles, Phys. Rev. D74 (2006) 103509, [hep-ph/0604251].
[3] K. Jedamzik and M. Pospelov, Big Bang Nucleosynthesis and Particle Dark Matter, New J.
Phys. 11 (2009) 105028, [0906.2087].
[4] M. Kawasaki, K. Kohri, T. Moroi and Y. Takaesu, Revisiting Big-Bang Nucleosynthesis
Constraints on Long-Lived Decaying Particles, Phys. Rev. D97 (2018) 023502, [1709.01211].
[5] M. B. Hindmarsh and T. W. B. Kibble, Cosmic strings, Rept. Prog. Phys. 58 (1995) 477–562,
[hep-ph/9411342].
[6] A. Vilenkin and E. P. S. Shellard, Cosmic Strings and Other Topological Defects. Cambridge
University Press, 2000.
[7] T. Vachaspati, L. Pogosian and D. Steer, Cosmic Strings, Scholarpedia 10 (2015) 31682,
[1506.04039].
[8] E. Witten, Cosmic Superstrings, Phys. Lett. 153B (1985) 243–246.
[9] G. Dvali and A. Vilenkin, Formation and evolution of cosmic D strings, JCAP 0403 (2004) 010,
[hep-th/0312007].
[10] E. J. Copeland, R. C. Myers and J. Polchinski, Cosmic F and D strings, JHEP 06 (2004) 013,
[hep-th/0312067].
[11] J. Polchinski, Introduction to cosmic F- and D-strings, in String theory: From gauge interactions
to cosmology. Proceedings, NATO Advanced Study Institute, Cargese, France, June 7-19, 2004,
pp. 229–253, 2004. hep-th/0412244.
[12] M. Sakellariadou, Cosmic Superstrings, Phil. Trans. Roy. Soc. Lond. A366 (2008) 2881–2894,
[0802.3379].
[13] A.-C. Davis, P. Brax and C. van de Bruck, Brane Inflation and Defect Formation, Phil. Trans.
Roy. Soc. Lond. A366 (2008) 2833–2842, [0803.0424].
[14] M. Sakellariadou, Cosmic Strings and Cosmic Superstrings, Nucl. Phys. Proc. Suppl. 192-193
(2009) 68–90, [0902.0569].
[15] E. J. Copeland and T. W. B. Kibble, Cosmic Strings and Superstrings, Proc. Roy. Soc. Lond.
A466 (2010) 623–657, [0911.1345].
22
[16] R. Jeannerot, J. Rocher and M. Sakellariadou, How generic is cosmic string formation in SUSY
GUTs, Phys. Rev. D68 (2003) 103514, [hep-ph/0308134].
[17] M. Sakellariadou, Production of Topological Defects at the End of Inflation, Lect. Notes Phys.
738 (2008) 359–392, [hep-th/0702003].
[18] W. Buchmller, V. Domcke, K. Kamada and K. Schmitz, The Gravitational Wave Spectrum from
Cosmological B − L Breaking, JCAP 1310 (2013) 003, [1305.3392].
[19] J. A. Dror, T. Hiramatsu, K. Kohri, H. Murayama and G. White, Testing Seesaw and
Leptogenesis with Gravitational Waves, 1908.03227.
[20] C. Ringeval, M. Sakellariadou and F. Bouchet, Cosmological evolution of cosmic string loops,
JCAP 0702 (2007) 023, [astro-ph/0511646].
[21] V. Vanchurin, K. D. Olum and A. Vilenkin, Scaling of cosmic string loops, Phys. Rev. D74
(2006) 063527, [gr-qc/0511159].
[22] C. J. A. P. Martins and E. P. S. Shellard, Fractal properties and small-scale structure of cosmic
string networks, Phys. Rev. D73 (2006) 043515, [astro-ph/0511792].
[23] K. D. Olum and V. Vanchurin, Cosmic string loops in the expanding Universe, Phys. Rev. D75
(2007) 063521, [astro-ph/0610419].
[24] J. J. Blanco-Pillado, K. D. Olum and B. Shlaer, Large parallel cosmic string simulations: New
results on loop production, Phys. Rev. D83 (2011) 083514, [1101.5173].
[25] A. Vilenkin, Gravitational radiation from cosmic strings, Phys. Lett. 107B (1981) 47–50.
[26] C. J. Hogan and M. J. Rees, Gravitational interactions of cosmic strings, Nature 311 (1984)
109–113.
[27] T. Vachaspati and A. Vilenkin, Gravitational Radiation from Cosmic Strings, Phys. Rev. D31
(1985) 3052.
[28] F. S. Accetta and L. M. Krauss, The stochastic gravitational wave spectrum resulting from cosmic
string evolution, Nucl. Phys. B319 (1989) 747–764.
[29] D. P. Bennett and F. R. Bouchet, Constraints on the gravity wave background generated by
cosmic strings, Phys. Rev. D43 (1991) 2733–2735.
[30] R. R. Caldwell and B. Allen, Cosmological constraints on cosmic string gravitational radiation,
Phys. Rev. D45 (1992) 3447–3468.
[31] B. Allen and E. P. S. Shellard, Gravitational radiation from cosmic strings, Phys. Rev. D45
(1992) 1898–1912.
[32] R. A. Battye, R. R. Caldwell and E. P. S. Shellard, Gravitational waves from cosmic strings, in
Topological defects in cosmology, pp. 11–31, 1997. astro-ph/9706013.
[33] M. R. DePies and C. J. Hogan, Stochastic Gravitational Wave Background from Light Cosmic
Strings, Phys. Rev. D75 (2007) 125006, [astro-ph/0702335].
[34] X. Siemens, V. Mandic and J. Creighton, Gravitational wave stochastic background from cosmic
(super)strings, Phys. Rev. Lett. 98 (2007) 111101, [astro-ph/0610920].
[35] S. Olmez, V. Mandic and X. Siemens, Gravitational-Wave Stochastic Background from Kinks and
Cusps on Cosmic Strings, Phys. Rev. D81 (2010) 104028, [1004.0890].
[36] T. Regimbau, S. Giampanis, X. Siemens and V. Mandic, The stochastic background from cosmic
(super)strings: popcorn and (Gaussian) continuous regimes, Phys. Rev. D85 (2012) 066001,
[1111.6638].
23
[37] S. A. Sanidas, R. A. Battye and B. W. Stappers, Constraints on cosmic string tension imposed by
the limit on the stochastic gravitational wave background from the European Pulsar Timing
Array, Phys. Rev. D85 (2012) 122003, [1201.2419].
[38] S. A. Sanidas, R. A. Battye and B. W. Stappers, Projected constraints on the cosmic
(super)string tension with future gravitational wave detection experiments, Astrophys. J. 764
(2013) 108, [1211.5042].
[39] P. Binetruy, A. Bohe, C. Caprini and J.-F. Dufaux, Cosmological Backgrounds of Gravitational
Waves and eLISA/NGO: Phase Transitions, Cosmic Strings and Other Sources, JCAP 1206
(2012) 027, [1201.0983].
[40] S. Kuroyanagi, K. Miyamoto, T. Sekiguchi, K. Takahashi and J. Silk, Forecast constraints on
cosmic string parameters from gravitational wave direct detection experiments, Phys. Rev. D86
(2012) 023503, [1202.3032].
[41] S. Kuroyanagi, K. Miyamoto, T. Sekiguchi, K. Takahashi and J. Silk, Forecast constraints on
cosmic strings from future CMB, pulsar timing and gravitational wave direct detection
experiments, Phys. Rev. D87 (2013) 023522, [1210.2829].
[42] LISA collaboration, H. Audley et al., Laser Interferometer Space Antenna, 1702.00786.
[43] S. Hild et al., Sensitivity Studies for Third-Generation Gravitational Wave Observatories, Class.
Quant. Grav. 28 (2011) 094013, [1012.0908].
[44] M. Punturo et al., The Einstein Telescope: A third-generation gravitational wave observatory,
Class. Quant. Grav. 27 (2010) 194002.
[45] LIGO Scientific collaboration, B. P. Abbott et al., Exploring the Sensitivity of Next
Generation Gravitational Wave Detectors, Class. Quant. Grav. 34 (2017) 044001, [1607.08697].
[46] K. Yagi and N. Seto, Detector configuration of DECIGO/BBO and identification of cosmological
neutron-star binaries, Phys. Rev. D83 (2011) 044011, [1101.3940].
[47] Y. Gouttenoire, G. Servant and P. Simakachorn, Beyond the Standard Models with Cosmic
Strings, 1912.02569.
[48] Y. Cui, M. Lewicki, D. E. Morrissey and J. D. Wells, Cosmic Archaeology with Gravitational
Waves from Cosmic Strings, Phys. Rev. D97 (2018) 123505, [1711.03104].
[49] Y. Cui, M. Lewicki, D. E. Morrissey and J. D. Wells, Probing the pre-BBN universe with
gravitational waves from cosmic strings, 1808.08968.
[50] P. Auclair et al., Probing the gravitational wave background from cosmic strings with LISA,
1909.00819.
[51] G. S. F. Guedes, P. P. Avelino and L. Sousa, Signature of inflation in the stochastic gravitational
wave background generated by cosmic string networks, Phys. Rev. D98 (2018) 123505,
[1809.10802].
[52] P. Auclair, D. A. Steer and T. Vachaspati, Particle emission and gravitational radiation from
cosmic strings: observational constraints, 1911.12066.
[53] J. J. Blanco-Pillado and K. D. Olum, Stochastic gravitational wave background from smoothed
cosmic string loops, Phys. Rev. D96 (2017) 104046, [1709.02693].
[54] T. W. B. Kibble, Evolution of a system of cosmic strings, Nucl. Phys. B252 (1985) 227.
[55] C. J. A. P. Martins and E. P. S. Shellard, Extending the velocity dependent one scale string
evolution model, Phys. Rev. D65 (2002) 043514, [hep-ph/0003298].
24
[56] C. J. A. P. Martins and E. P. S. Shellard, String evolution with friction, Phys. Rev. D53 (1996)
575–579, [hep-ph/9507335].
[57] C. J. A. P. Martins and E. P. S. Shellard, Quantitative string evolution, Phys. Rev. D54 (1996)
2535–2556, [hep-ph/9602271].
[58] C. J. Martins, Defect evolution in cosmology and condensed matter: quantitative analysis with the
velocity-dependent one-scale model. Springer, 2016.
[59] J. J. Blanco-Pillado, K. D. Olum and B. Shlaer, The number of cosmic string loops, Phys. Rev.
D89 (2014) 023512, [1309.6637].
[60] J. R. C. C. C. Correia and J. A. P. Martins, Extending and Calibrating the Velocity dependent
One-Scale model for Cosmic Strings with One Thousand Field Theory Simulations, Phys. Rev.
D100 (2019) 103517, [1911.03163].
[61] NANOGRAV collaboration, Z. Arzoumanian et al., The NANOGrav 11-year Data Set:
Pulsar-timing Constraints On The Stochastic Gravitational-wave Background, Astrophys. J. 859
(2018) 47, [1801.02617].
[62] R. van Haasteren et al., Placing limits on the stochastic gravitational-wave background using
European Pulsar Timing Array data, Mon. Not. Roy. Astron. Soc. 414 (2011) 3117–3128,
[1103.0576].
[63] G. Janssen et al., Gravitational wave astronomy with the SKA, PoS AASKA14 (2015) 037,
[1501.00127].
[64] LIGO Scientific, VIRGO collaboration, J. Aasi et al., Characterization of the LIGO detectors
during their sixth science run, Class. Quant. Grav. 32 (2015) 115012, [1410.7764].
[65] L. Lentati et al., European Pulsar Timing Array Limits On An Isotropic Stochastic
Gravitational-Wave Background, Mon. Not. Roy. Astron. Soc. 453 (2015) 2576–2598,
[1504.03692].
[66] X.-J. Zhu, E. J. Howell, D. G. Blair and Z.-H. Zhu, On the gravitational wave background from
compact binary coalescences in the band of ground-based interferometers, Mon. Not. Roy. Astron.
Soc. 431 (2013) 882–899, [1209.0595].
[67] L. Lorenz, C. Ringeval and M. Sakellariadou, Cosmic string loop distribution on all length scales
and at any redshift, JCAP 1010 (2010) 003, [1006.0931].
[68] C. Ringeval and T. Suyama, Stochastic gravitational waves from cosmic string loops in scaling,
JCAP 1712 (2017) 027, [1709.03845].
[69] P. Auclair, C. Ringeval, M. Sakellariadou and D. Steer, Cosmic string loop production functions,
JCAP 1906 (2019) 015, [1903.06685].
[70] M. S. Turner, Coherent Scalar Field Oscillations in an Expanding Universe, Phys. Rev. D28
(1983) 1243.
[71] L. A. Boyle and A. Buonanno, Relating gravitational wave constraints from primordial
nucleosynthesis, pulsar timing, laser interferometers, and the CMB: Implications for the early
Universe, Phys. Rev. D78 (2008) 043531, [0708.2279].
[72] A. L. Erickcek and K. Sigurdson, Reheating Effects in the Matter Power Spectrum and
Implications for Substructure, Phys. Rev. D84 (2011) 083503, [1106.0536].
[73] J. Fan, O. zsoy and S. Watson, Nonthermal histories and implications for structure formation,
Phys. Rev. D90 (2014) 043536, [1405.7373].
[74] M. Sten Delos, T. Linden and A. L. Erickcek, Breaking a dark degeneracy: The gamma-ray
signature of early matter domination, 1910.08553.
25
[75] C. Blanco, M. S. Delos, A. L. Erickcek and D. Hooper, Annihilation Signatures of Hidden Sector
Dark Matter Within Early-Forming Microhalos, 1906.00010.
[76] A. G. Polnarev and M. Yu. Khlopov, COSMOLOGY, PRIMORDIAL BLACK HOLES, AND
SUPERMASSIVE PARTICLES, Sov. Phys. Usp. 28 (1985) 213–232.
[77] A. M. Green, A. R. Liddle and A. Riotto, Primordial black hole constraints in cosmologies with
early matter domination, Phys. Rev. D56 (1997) 7559–7565, [astro-ph/9705166].
[78] J. Georg, G. engr and S. Watson, Nonthermal WIMPs and primordial black holes, Phys. Rev.
D93 (2016) 123523, [1603.00023].
[79] R. J. Scherrer and M. S. Turner, Decaying Particles Do Not Heat Up the Universe, Phys. Rev.
D31 (1985) 681.
[80] B. S. Acharya, G. Kane and E. Kuflik, Bounds on scalar masses in theories of moduli
stabilization, Int. J. Mod. Phys. A29 (2014) 1450073, [1006.3272].
[81] M. Dine, W. Fischler and D. Nemeschansky, Solution of the Entropy Crisis of Supersymmetric
Theories, Phys. Lett. 136B (1984) 169–174.
[82] G. D. Coughlan, R. Holman, P. Ramond and G. G. Ross, Supersymmetry and the Entropy Crisis,
Phys. Lett. 140B (1984) 44–48.
[83] M. Dine, L. Randall and S. D. Thomas, Baryogenesis from flat directions of the supersymmetric
standard model, Nucl. Phys. B458 (1996) 291–326, [hep-ph/9507453].
[84] B. S. Acharya, P. Kumar, K. Bobkov, G. Kane, J. Shao and S. Watson, Non-thermal Dark
Matter and the Moduli Problem in String Frameworks, JHEP 06 (2008) 064, [0804.0863].
[85] M. Dine, L. Randall and S. D. Thomas, Supersymmetry breaking in the early universe, Phys. Rev.
Lett. 75 (1995) 398–401, [hep-ph/9503303].
[86] J. R. Ellis, A. D. Linde and D. V. Nanopoulos, Inflation Can Save the Gravitino, Phys. Lett.
118B (1982) 59–64.
[87] D. V. Nanopoulos, K. A. Olive and M. Srednicki, After Primordial Inflation, Phys. Lett. 127B
(1983) 30–34.
[88] J. R. Ellis, J. E. Kim and D. V. Nanopoulos, Cosmological Gravitino Regeneration and Decay,
Phys. Lett. 145B (1984) 181–186.
[89] G. F. Giudice, I. Tkachev and A. Riotto, Nonthermal production of dangerous relics in the early
universe, JHEP 08 (1999) 009, [hep-ph/9907510].
[90] G. N. Felder, L. Kofman and A. D. Linde, Gravitational particle production and the moduli
problem, JHEP 02 (2000) 027, [hep-ph/9909508].
[91] S. Weinberg, Cosmological Constraints on the Scale of Supersymmetry Breaking, Phys. Rev. Lett.
48 (1982) 1303.
[92] L. Randall and S. D. Thomas, Solving the cosmological moduli problem with weak scale inflation,
Nucl. Phys. B449 (1995) 229–247, [hep-ph/9407248].
[93] P. Binetruy, M. K. Gaillard and Y.-Y. Wu, Supersymmetry breaking and weakly versus strongly
coupled string theory, Phys. Lett. B412 (1997) 288–295, [hep-th/9702105].
[94] T. Banks, M. Berkooz and P. J. Steinhardt, The Cosmological moduli problem, supersymmetry
breaking, and stability in postinflationary cosmology, Phys. Rev. D52 (1995) 705–716,
[hep-th/9501053].
[95] S. Krippendorf, F. Muia and F. Quevedo, Moduli Stars, JHEP 08 (2018) 070, [1806.04690].
26
[96] J. T. Giblin, G. Kane, E. Nesbit, S. Watson and Y. Zhao, Was the Universe Actually Radiation
Dominated Prior to Nucleosynthesis?, Phys. Rev. D96 (2017) 043525, [1706.08536].
[97] L. J. Hall and Y. Nomura, A Finely-Predicted Higgs Boson Mass from A Finely-Tuned Weak
Scale, JHEP 03 (2010) 076, [0910.2235].
[98] J. D. Wells, PeV-scale supersymmetry, Phys. Rev. D71 (2005) 015013, [hep-ph/0411041].
[99] N. Arkani-Hamed and S. Dimopoulos, Supersymmetric unification without low energy
supersymmetry and signatures for fine-tuning at the LHC, JHEP 06 (2005) 073,
[hep-th/0405159].
[100] E. Bagnaschi, G. F. Giudice, P. Slavich and A. Strumia, Higgs Mass and Unnatural
Supersymmetry, JHEP 09 (2014) 092, [1407.4081].
[101] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Romanino, Aspects of split
supersymmetry, Nucl. Phys. B709 (2005) 3–46, [hep-ph/0409232].
[102] I. Affleck and M. Dine, A New Mechanism for Baryogenesis, Nucl. Phys. B249 (1985) 361–380.
[103] T. Moroi and L. Randall, Wino cold dark matter from anomaly mediated SUSY breaking, Nucl.
Phys. B570 (2000) 455–472, [hep-ph/9906527].
[104] J. Fan and M. Reece, In Wino Veritas? Indirect Searches Shed Light on Neutralino Dark Matter,
JHEP 10 (2013) 124, [1307.4400].
[105] M. Cirelli, Y. Gouttenoire, K. Petraki and F. Sala, Homeopathic Dark Matter, or how diluted
heavy substances produce high energy cosmic rays, 1811.03608.
[106] B. S. Acharya, K. Bobkov and P. Kumar, An M Theory Solution to the Strong CP Problem and
Constraints on the Axiverse, JHEP 11 (2010) 105, [1004.5138].
[107] G. Kane, K. Sinha and S. Watson, Cosmological Moduli and the Post-Inflationary Universe: A
Critical Review, Int. J. Mod. Phys. D24 (2015) 1530022, [1502.07746].
[108] L. Parker, Quantized fields and particle creation in expanding universes. 1., Phys. Rev. 183
(1969) 1057–1068.
[109] Ya. B. Zeldovich and A. A. Starobinsky, Particle production and vacuum polarization in an
anisotropic gravitational field, Sov. Phys. JETP 34 (1972) 1159–1166.
[110] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space. Cambridge Monographs on
Mathematical Physics. Cambridge Univ. Press, Cambridge, UK, 1984,
10.1017/CBO9780511622632.
[111] L. H. Ford, Gravitational Particle Creation and Inflation, Phys. Rev. D35 (1987) 2955.
[112] L. Kofman, A. D. Linde and A. A. Starobinsky, Towards the theory of reheating after inflation,
Phys. Rev. D56 (1997) 3258–3295, [hep-ph/9704452].
[113] D. J. H. Chung, E. W. Kolb and A. Riotto, Superheavy dark matter, Phys. Rev. D59 (1999)
023501, [hep-ph/9802238].
[114] E. W. Kolb, D. J. H. Chung and A. Riotto, WIMPzillas!, AIP Conf. Proc. 484 (1999) 91–105,
[hep-ph/9810361].
[115] D. J. H. Chung, P. Crotty, E. W. Kolb and A. Riotto, On the Gravitational Production of
Superheavy Dark Matter, Phys. Rev. D64 (2001) 043503, [hep-ph/0104100].
[116] E. W. Kolb and A. J. Long, Superheavy dark matter through Higgs portal operators, Phys. Rev.
D96 (2017) 103540, [1708.04293].
27
[117] Y. Ema, K. Nakayama and Y. Tang, Production of Purely Gravitational Dark Matter, JHEP 09
(2018) 135, [1804.07471].
[118] Y. Ema, R. Jinno, K. Mukaida and K. Nakayama, Gravitational Effects on Inflaton Decay, JCAP
1505 (2015) 038, [1502.02475].
[119] Y. Ema, R. Jinno, K. Mukaida and K. Nakayama, Gravitational particle production in oscillating
backgrounds and its cosmological implications, Phys. Rev. D94 (2016) 063517, [1604.08898].
[120] Y. Ema, K. Nakayama and Y. Tang, Production of Purely Gravitational Dark Matter: The Case
of Fermion and Vector Boson, JHEP 07 (2019) 060, [1903.10973].
[121] D. J. H. Chung, E. W. Kolb and A. J. Long, Gravitational production of super-Hubble-mass
particles: an analytic approach, JHEP 01 (2019) 189, [1812.00211].
[122] BICEP2, Keck Array collaboration, P. A. R. Ade et al., BICEP2 / Keck Array x: Constraints
on Primordial Gravitational Waves using Planck, WMAP, and New BICEP2/Keck Observations
through the 2015 Season, Phys. Rev. Lett. 121 (2018) 221301, [1810.05216].
[123] Planck collaboration, Y. Akrami et al., Planck 2018 results. X. Constraints on inflation,
1807.06211.
[124] K. Dimopoulos, Can a vector field be responsible for the curvature perturbation in the Universe?,
Phys. Rev. D74 (2006) 083502, [hep-ph/0607229].
[125] D. J. H. Chung, L. L. Everett, H. Yoo and P. Zhou, Gravitational Fermion Production in
Inflationary Cosmology, Phys. Lett. B712 (2012) 147–154, [1109.2524].
[126] P. W. Graham, J. Mardon and S. Rajendran, Vector Dark Matter from Inflationary Fluctuations,
Phys. Rev. D93 (2016) 103520, [1504.02102].
[127] B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. 166B (1986) 196–198.
[128] R. Foot and X.-G. He, Comment on Z Z-prime mixing in extended gauge theories, Phys. Lett.
B267 (1991) 509–512.
[129] T. Hambye, M. H. G. Tytgat, J. Vandecasteele and L. Vanderheyden, Dark matter from dark
photons: a taxonomy of dark matter production, 1908.09864.
[130] M. Cirelli, P. Panci, K. Petraki, F. Sala and M. Taoso, Dark Matter’s secret liaisons:
phenomenology of a dark U(1) sector with bound states, JCAP 1705 (2017) 036, [1612.07295].
[131] L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West, Freeze-In Production of FIMP Dark
Matter, JHEP 03 (2010) 080, [0911.1120].
[132] X. Chu, T. Hambye and M. H. G. Tytgat, The Four Basic Ways of Creating Dark Matter
Through a Portal, JCAP 1205 (2012) 034, [1112.0493].
[133] J. Berger, K. Jedamzik and D. G. E. Walker, Cosmological Constraints on Decoupled Dark
Photons and Dark Higgs, JCAP 1611 (2016) 032, [1605.07195].
[134] H. M. Hodges, Mirror baryons as the dark matter, Phys. Rev. D47 (1993) 456–459.
[135] Z. G. Berezhiani, A. D. Dolgov and R. N. Mohapatra, Asymmetric inflationary reheating and the
nature of mirror universe, Phys. Lett. B375 (1996) 26–36, [hep-ph/9511221].
[136] J. L. Feng, H. Tu and H.-B. Yu, Thermal Relics in Hidden Sectors, JCAP 0810 (2008) 043,
[0808.2318].
[137] P. Adshead, Y. Cui and J. Shelton, Chilly Dark Sectors and Asymmetric Reheating, JHEP 06
(2016) 016, [1604.02458].
28
[138] D. Kazanas, R. N. Mohapatra, S. Nussinov, V. L. Teplitz and Y. Zhang, Supernova Bounds on
the Dark Photon Using its Electromagnetic Decay, Nucl. Phys. B890 (2014) 17–29, [1410.0221].
[139] J. H. Chang, R. Essig and S. D. McDermott, Revisiting Supernova 1987A Constraints on Dark
Photons, JHEP 01 (2017) 107, [1611.03864].
[140] J. Jaeckel and A. Ringwald, The Low-Energy Frontier of Particle Physics, Ann. Rev. Nucl. Part.
Sci. 60 (2010) 405–437, [1002.0329].
[141] R. Essig et al., Working Group Report: New Light Weakly Coupled Particles, in Proceedings,
2013 Community Summer Study on the Future of U.S. Particle Physics: Snowmass on the
Mississippi (CSS2013): Minneapolis, MN, USA, July 29-August 6, 2013, 2013. 1311.0029.
[142] J. Alexander et al., Dark Sectors 2016 Workshop: Community Report, 2016. 1608.08632.
[143] K. Griest and M. Kamionkowski, Unitarity Limits on the Mass and Radius of Dark Matter
Particles, Phys. Rev. Lett. 64 (1990) 615.
[144] B. Kors and P. Nath, A Stueckelberg extension of the standard model, Phys. Lett. B586 (2004)
366–372, [hep-ph/0402047].
[145] D. Feldman, B. Kors and P. Nath, Extra-weakly Interacting Dark Matter, Phys. Rev. D75 (2007)
023503, [hep-ph/0610133].
[146] P. Fayet, U-boson production in e+ e- annihilations, psi and Upsilon decays, and Light Dark
Matter, Phys. Rev. D75 (2007) 115017, [hep-ph/0702176].
[147] L. Ackerman, M. R. Buckley, S. M. Carroll and M. Kamionkowski, Dark Matter and Dark
Radiation, Phys. Rev. D79 (2009) 023519, [0810.5126].
[148] M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, Naturally Light Hidden Photons in
LARGE Volume String Compactifications, JHEP 11 (2009) 027, [0909.0515].
[149] D. E. Morrissey, D. Poland and K. M. Zurek, Abelian Hidden Sectors at a GeV, JHEP 07 (2009)
050, [0904.2567].
[150] S. Andreas, M. D. Goodsell and A. Ringwald, Dark matter and dark forces from a
supersymmetric hidden sector, Phys. Rev. D87 (2013) 025007, [1109.2869].
[151] M. Goodsell, S. Ramos-Sanchez and A. Ringwald, Kinetic Mixing of U(1)s in Heterotic
Orbifolds, JHEP 01 (2012) 021, [1110.6901].
[152] P. Fayet, The light U boson as the mediator of a new force, coupled to a combination of Q,B,L
and dark matter, Eur. Phys. J. C77 (2017) 53, [1611.05357].
[153] B. von Harling and K. Petraki, Bound-state formation for thermal relic dark matter and
unitarity, JCAP 1412 (2014) 033, [1407.7874].
[154] J. Lizarraga, J. Urrestilla, D. Daverio, M. Hindmarsh and M. Kunz, New CMB constraints for
Abelian Higgs cosmic strings, JCAP 10 (2016) 042, [1609.03386].
[155] N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String landscape, black holes and gravity
as the weakest force, JHEP 06 (2007) 060, [hep-th/0601001].
29
